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Abstract—TIn this paper, we investigate the exact controllability
properties of an advection-diffusion equation on a bounded
domain, using time- and space-dependent velocity fields as the
control parameters. This partial differential equation (PDE)
is the Kolmogorov forward equation for a reflected diffusion
process that models the spatiotemporal evolution of a swarm
of agents. We prove that if a target probability density has
bounded first-order weak derivatives and is uniformly bounded
from below by a positive constant, then it can be reached in
finite time using control inputs that are bounded in space and
time. We then extend this controllability result to a class of
advection-diffusion-reaction PDEs that corresponds to a hybrid-
switching diffusion process (HSDP), in which case the reaction
parameters are additionally incorporated as the control inputs.
For the HSDP, we first constructively prove controllability of
the associated continuous-time Markov chain (CTMC) system,
in which the state space is finite. Then we show that our
controllability results for the advection-diffusion equation and
the CTMC can be combined to establish controllability of the
forward equation of the HSDP. Lastly, we provide constructive
solutions to the problem of asymptotically stabilizing an HSDP
to a target non-negative stationary distribution using time-
independent state feedback laws, which correspond to spatially-
dependent coefficients of the associated system of PDEs.

Index Terms—Swarm robotics, advection-diffusion-reaction
PDE, stochastic processes, controllability, continuous-time
Markov chains.

I. INTRODUCTION

In recent years, there has been an extensive amount of work
on control of large-scale multi-agent systems. A particular
instance of these control problems is when the agents represent
autonomous robots that must collectively achieve some desired
global objective. This has motivated various investigations on
the appropriate technical framework for modeling and control
of such systems, called robotic swarms. One such framework
involves modeling swarms using probability densities and
controlling them through mean-field models [10], [28], [32].
Applications of these models to the control of robotic swarms
has led to new questions from a control-theoretical point of
view. One fundamental question is that of controllability: given
a mean-field model with a control parameter, what is the class
of reachable probability densities? Stated as such, the problem
is not new since the use of mean-field models in the natural
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sciences and engineering is classical. However, the choice of
control parameters in the context of swarm control has led to
some non-classical controllability problems.

As one of the main contributions of this paper, we con-
sider such a controllability problem for a robotic swarm
that is described by a mean-field model in the form of an
advection-diffusion partial differential equation (PDE). Similar
controllability problems have been addressed previously in
the literature. For example, motivated by problems arising
from quantum physics, Blaquiere [8] used techniques from
stochastic control to study a controllability problem in which a
stochastic process evolves on a n-dimensional Euclidean space
R™. A similar controllability result was proved in [13]. In
[37], Porretta addressed a controllability problem for a Fokker-
Planck equation evolving on the n-dimensional torus, along
with an associated mean-field game problem [6]. This work ap-
plied observability inequalities that are typically used in PDE
controllability problems. The results in [8], [13] were extended
to a more general setting in which the stochastic process is a
linear control system perturbed by a diffusion process [11].
Controllability problems for systems with a similar structure
have also been considered in work on multiplicative control
of PDEs [24].

In contrast to these works, in this paper, the stochastic pro-
cess that models the agents’ motion is confined to a bounded
subset of a Euclidean space. Boundedness of the domain is a
common constraint in many problems in swarm robotics, e.g.
in [16], [32], where optimal control techniques were used to
optimize swarm behavior. Additionally, the results in previous
controllability studies were proven with control parameters
that are square-integrable. However, in bilinear optimal control
of PDEs associated with stochastic processes, the boundedness
of the vector fields is a common requirement [16], [19],
[20]. Toward this end, we establish controllability with control
inputs that are (essentially) bounded in space and time.

Another contribution of this paper is our analysis of a
controllability problem for the forward equation of a class
of hybrid switching diffusion processes (HSDPs) [40]. These
processes can be used as models for robots that switch between
multiple behavioral states, e.g. [32], [16]. Our result is based
on a controllability result for the forward equation of a
related class of continuous-time Markov chains (CTMCs). A
nontrivial issue in the problem of controlling the forward
equation of CTMC:s is the fact that the control parameters,
which correspond to the transition rates of the Markov chain,
are constrained to be positive. Hence, classical results on
controllability of nonlinear control systems governed by or-
dinary differential equations (ODEs) do not apply. In spite of



this issue, we prove controllability of these forward equations
using piecewise constant control inputs. This controllability
property can be attributed to the strong connectivity of the
associated graphs.

As a final contribution of this paper, we consider the prob-
lem of stabilizing HSDPs to desired stationary distributions
using time-independent and spatially-dependent controls or
state feedback laws. A similar problem was considered in [30]
for general controllable systems on unbounded domains with
a single discrete state.

The results presented in this paper are partially extensions
of our prior work in [15], where controllability was proved
for the case in which a swarm modeled using a Fokker-Planck
equation evolves on a one-dimensional bounded domain. Here,
we generalize this result to multi-dimensional domains with
sufficiently smooth boundaries that satisfy the chain condition
(see Definition II.3). Additionally, the requirement in [15] for
target densities to have second-order partial derivatives that
are essentially bounded in space is relaxed to the requirement
that only first-order partial derivatives must be bounded. The
controllability result for the forward equation of CTMCs was
first summarized in our prior work [14] without proof. A
complete proof of this result is given in this paper. The
controllability and stabilization results presented in this paper
for the case of HSDPs are new.

The paper is organized as follows. In Section II, we establish
notation and provide some definitions that are used throughout
the paper. In Section III, we formulate the main problems that
are addressed in the paper. In Section IV, we present a detailed
analysis of the controllability properties of the systems defined
in Section III. In Section V, we consider the problem of
stabilizing target equilibrium densities of the system of PDEs
using time-independent and spatially-dependent coefficients of
the PDEs. Finally, we discuss conclusions in Section VI.

II. NOTATION

We denote the n-dimensional Euclidean space by R™. R"™*"™
refers to the space of n X m matrices, and R refers to the
set of non-negative real numbers. Given a vector x € R", x
denotes the it coordinate value of x. For a matrix A € R?*™,
A¥ refers to the element in the i*" row and ;" column of A.
For a subset B C RM, int(B) refers to the interior of the set
B. C, C_, and C_ denote the set of complex numbers, the
set of complex numbers with negative real parts, and the set
of complex numbers with non-positive real parts, respectively.
Z refers to the set of positive integers. We denote by {2 an
open, bounded, and connected subset of a Euclidean domain
R™. The boundary of €2 is denoted by 0f).

Definition IL.1. We will say that Q is a C*' domain if each
point x € Q) has a neighborhood N such that Q NN is
represented by the inequality x, < ~y(x1,...,Tn_1) in some
Cartesian coordinate system for some function v : R*~1 — R
that is at least once differentiable and has derivatives of order
1 that are Lipschitz continuous.

For each 1 < p < oo, we define LP(2) as the Banach space
of complex-valued measurable functions over the set {2 whose

absolute value raised to p‘" power has finite integral. We
define L>°(2) as the space of essentially bounded measurable
functions on 2. The space L () is equipped with the norm
[|z]lcoc = ess supxeql|z(x)|, where ess supxeq(-) denotes the
essential supremum attained by its argument over the domain
). The space L?(f2) is a Hilbert space when equipped with
the standard inner product (-,)2 1 L*(Q) x L*(Q2) — C, given
by (f,9)2 = [, f(x)g(x)dx for each f,g € L*(£2), where g
is the complex con]ugate of the function g. The norm || - |2
on the space L2(12) is defined as ||f||> = (f, f)é/2 for each
f € L*(Q). For a function f € L?(f2) and a given constant c,
we write f > ¢ to imply that f is real-valued and f(x) > ¢
for almost every (a.e.) x € ).

Let f,, denote the first-order (weak) partial derivative of the
function f with respect to the coordinate x;. Similarly, f;. 4,
will denote the second-order partial derivative of the function
f with respect to the coordinate x;. We define the Sobolev
space H'(Q) = {f € L*(Q) : fs, € L*(Q) for 1 <i < N}.
We equip this space with the usual Sobolev norm ||-|| 1, given

. 1/2

by £l = (IF13+ S £ l13) " for each f € HI(9)
The weak gradient of a function f € H'(2) will be denoted
by Vf = [fo, - fa]"-

Definition IL.2. We will call ) an extension domain if there
exists a linear bounded operator E : H*(2) — H'(R™) such
that (Ef)(x) = f(x) for a.e. x € Q.

An example of an extension domain is a domain with
Lipschitz boundary [1][Theorem 10.4.1]. Unless otherwise
stated, the default assumption in this paper will be that
is an extension domain. The exponential stability results will
only require this default assumption. However, to prove the
controllability result, we will need the stronger assumption
that the domain 2 is C*! or convex. An additional assumption
about the domain €2 will be needed to prove the controllability
result, which motivates the following definition.

Definition IL.3. The domain Q) will be said to satisfy the chain
condition if there exists a constant C > 0 such that for every
x,X € ) and every positive n € Z., there exists a sequence
of points x; € ), 0 < i < n, such that X9 = X, X, = X,
and |x; —x;11| < €|x — x| for all i = 0,...,n — 1. Here |-
denotes the standard Euclidean norm.

Note that every convex domain satisfies the chain condition.
For a given real-valued function a € LOO(Q) L2(Q) refers to
the set of all functions f such that fo |f(%)]?a(x)dx < oco.
We will always assume that the associated function a is
uniformly bounded from below by a positive constant, in
which case the space L2 () is a Hilbert space with respect to
the weighted inner product < Yot L2(Q)xL2(Q) — R, given
by (f.9)a = [o f( )dx for each f,g € L2(0). We
will also need the space H1 = {z € L%(Q) : (az),, €
L?(Q) for 1 < i < N}, equipped with the norm || f||z: =

1/2
(||f\|§ + >0 af)a %) . When a = 1, where 1 is the

function that takes the value 1 a.e. on (2, the spaces L!()
and H'(Q) coincide with the spaces Ll(Q) and H}(Q),
respectively. We will also need the spaces W'>(Q) = {z €




L®() @ 25, € L®(Q) for 1 < i < N} and W2(Q) =
{z e Wh(Q) : 25,5, € L>(Q) for 1 <i < N}. Let X be
a Hilbert space with the norm || - || x. The space C(]0,T]; X)
consists of all continuous functions w : [0,7] — X for
which [[ullc(o,r;x) = maxo<i<r [[u(t)|x < oo Y
is a Hilbert space, then £(X,Y) will denote the space of
linear bounded operators from X to Y. We will also use the
multiplication operator M, : L?(Q) — L2(Q), defined as
(M,u)(x) = a(x)u(x) for a.e. x € Q and each u € L*(Q).

We will need an appropriate notion of a solution of the
PDE (5). Toward this end, let A be a closed linear operator
that is densely defined on a subset D(A), the domain of the
operator, of a Hilbert space X. We will define spec(A) as the
set {\ € C: A\l — A is not invertible in X}, where I is the
identity map on X. If A is a bounded operator, then || A op
will denote the operator norm induced by the norm defined on
X. From [17], we have the following definition.

Definition I1.4. For a given time T > 0, a mild solution of
the ODE
w(t) = Au(t); u(0) =up € X

is a function v € C([0,T);X) such that u(t) =
Afot u(s)ds for each t € [0,T).

(1)
ug +

Under appropriate conditions satisfied by A, the mild so-
lution is given by a strongly continuous semigroup of linear
operators, (7 (t)):>0, that are generated by the operator A
[17].

The differential equations that we analyze in this paper
will be non-autonomous in general. Hence, we must adapt
the notion of a mild solution to these types of equations.

Definition IL5. Let A; be a closed linear operator with
domain D(A;) for each i € Z. Suppose that for a certain
time interval [0,T), a piecewise constant family of operators
is given by a map, t — A(t), for which there exists a partition
[0,T] = Uiez, [ai, aip1) such that a; < a;y1 for each i € Z
and A(t) = A; for each t € [a;,a;41). Then a mild solution
of the ODE

a(t) = A()u(t); u(0) =up e X (2)
is a function u € C([0,T); X) such that
min{t,aH_l}
u(t) = up + Z Ai/ u(s)ds 3)
min{t,a;}

for each t € [0,T].

There is in fact a more general notion of mild solutions that
arises from two-parameter semigroups of operators generated
by time-varying linear operators. However, the definition (3)
will be sufficient for our purposes, since one can construct
solutions of the ODE (2) by treating it as an autonomous
system in each time interval [a;, a;41) and concatenating these
solutions together to obtain the solution u. Note that the mild
solution is defined with respect to an operator A or collection
of operators A(t); when we refer to such a solution, the
associated operator(s) will be clear from the context. We will
also need the notion of a positive semigroup, which is defined
as follows.

Definition I1.6. A strongly continuous semigroup of linear
operators (T (t))i>0 on a Hilbert space X is called positive if
u € X such that v > 0 implies that T (t)u > 0 for all t > 0.

We introduce some additional notation from graph theory
which will be used in the coming sections. We denote by
G = (V,€) a directed graph with a set of M vertices, V =
{1,2,..., M}, and a set of N¢ edges, £ C Vx V. An edge from
vertex ¢ € V to vertex j € V is denoted by e = (4,j) € £. We
define a source map S : £ — V and a target map T : £ — V
for which S(e) = i and T'(e) = j whenever ¢ = (i,j) € £.
There is a directed path of length s from vertex 7 € V to
vertex j € V if there exists a sequence of edges {e;};_; in
€ such that S(e1) =1, T'(es) = j, and S(e) = T'(ex_1) for
all 2 <k < s. A directed graph G = (V, &) is called strongly
connected if for every pair of distinct vertices vg, v € V,
there exists a directed path of edges in £ connecting vy to vp.
We assume that (,7) ¢ £ for all 4 € V. The graph G is said
to be bidirected if e € £ implies that € = (T'(e), S(e)) also
lies in &.

III. PROBLEM FORMULATION

In this section, we will formulate the main problems that are
addressed in this paper. The precise regularity conditions under
which we study the solutions and parameters of the PDEs are
presented in Section IV. On the other hand, the associated sys-
tems of stochastic differential equations (SDEs) will be treated
in this paper only in a formal manner, in order to motivate the
PDE controllability problem that we investigate. We note that
one can prove existence of the stochastic processes that we
consider by extending the semigroup-theoretic arguments in
this paper to the theory of Dirichlet forms [5].

Consider a swarm of N, agents that are deployed on
the n-dimensional domain (2. The position of each agent,
indexed by ¢ € {1,2, ..., N, }, evolves according to a stochastic
process Z;(t) € (), where ¢ denotes time. We assume that
the agents are non-interacting. Therefore, the random variables
that correspond to the dynamics of each agent are independent
and identically distributed, and we can drop the subscript @
and define the problem in terms of a single stochastic process
Z(t) € Q. The deterministic motion of each agent is defined by
a velocity vector field v(x,t) € R™, where x € ). This motion
is perturbed by a n-dimensional Wiener process W (t), which
models noise. This process can be a model for stochasticity
arising from inherent sensor and actuator noise. Alternatively,
noise could be actively programmed into the agents’ motion
to implement more exploratory agent behaviors and to take
advantage of the smoothening effect of the process on the
agents’ probability densities. Given the parameter v(x,t), each
agent evolves according to a reflected diffusion process Z(t)
that satisfies the following SDE [36]:

v(Z(t),t)dt + V2DdW (t) + n(Z(t))dy(t),
Zy, 4)
where 1(t) € R is called the reflecting function or local

time [5], [36], a stochastic process that constrains Z(t) to the
domain 2; n(x) is the normal to the boundary at x € 92; and

Z(0) =



D > 0 is the diffusion constant. Without loss of generality,
we assume that D = 1.

We now pose the problem of determining the existence of
the robot control law, defined as the velocity field v(-,t),
that drives the swarm to a target spatial distribution over the
domain.

Problem IIL1. Given a time t; > 0 and a target probability
density f : Q — Ry such that fQ x)dx = 1, determine if
there exists a feedback control law v Q >< [0,t] —> R"™ such
that the process (4) satisfies P(Z( fr x)dx for
each measurable subset I C ).

The Kolmogorov forward equation corresponding to the
SDE (4) is given by:

=Ay—V-(v(x,t)y) in Qx][0,T]
y(-0) =1° in Q
n-(Vy—v(x,t)y) =0 in 9Qx[0,T]. (5

The solution y(x, t) of this equation represents the probability
density of a single agent occupying position x € () at time
t, or alternatively, the density of a population of agents at
this position and time. The PDE (5) is related to the SDE
(4) through the relation P(Z(t) € I') = [, y(x,t)dx for all
t € [0,ty] and all measurable I' C €. Therefore, the solution
y(x,t) captures the mean-field behavior of the population.
In particular, as the number of agents tends to infinity, the
empirical measures [6] converge to the measure for which
this PDE’s solution is the density y(x,t). See [41] for such a
convergence analysis. Problem III.1 can be reframed in terms
of equation (5) as a PDE controllability problem as follows:

Problem II1.2. Given ty >0, y Q= Ry, and f:Q — R,y
such that [,y°(x)dx = [, f(x)dx = 1, determine whether
there exists a space- and time- dependent parameter v : ) X
[0,t¢] — R™ such that the solution y of the PDE (5) satisfies

y('vtf) :f-

In models of robotic swarms, it is useful to consider hybrid
variants of the SDE (4) to account for the fact that each robot,
in addition to a continuous spatial state Z(t), can be associated
with a discrete state Y'(¢) € V = {1,...,N} at each time
t [32], [16]. The elements of V can correspond to different
behavioral states or tasks that can be performed by a robot,
such as “searching,” “lifting,” or “digging.” In this case, the
state of each agent is denoted by the pair (Z(¢),Y () € Qx V.
Suppose that the variable Y (t) evolves according to a CTMC.
We define a graph G = (V, £) in which the vertex set V is the
set of discrete states, and the edge set £ defines the possible
agent transitions between the discrete states in V. The agents’
transition rules are determined by the control parameters u, :
[0,00) — U for each e € &, also known as the transition
rates of the associated CTMC. Here U C R, is the set of
admissible transition rates.

The variable Y (¢) evolves on the state space V according
to the conditional probabilities

P(Y(t+h) =T() | Y(t) = S(e) = uc(t)h+o(h) (6)

for each e € €. Let P(V) = {y € RY : 3", y, = 1} be the
simplex of probability densities on ). Corresponding to the

CTMC is a set of ODEs that determine the time evolution of
the probability densities P(Y(t) = v) = pu,(t) € R4. The
forward equation is given by a system of linear ODEs,

() = Y ue(t)Qep(t), te0,00), (7
ecé
p(0) = p’ePV),

where Q. are control matrices whose entries are given by
-1 ifi=j=S5(),
Qf={1 ifi=T(e), j=5(e)
0  otherwise.
Given these definitions, we can define a hybrid switching

diffusion process (Z(t),Y (t)) as a system of SDEs of the
form

dZ(t) = v(Y(t),Z(t),t)dt + V2DdW (t) + n(Z(t))dy(t),
where v @ V x Q x [0,¢f] — R” is the state- and time-

dependent velocity vector field, and D € Rf is a vector
of positive elements. Here, Dj is the diffusion parameter
associated with each discrete state k € ). Let v, denote
the velocity field associated with discrete state £ € V. Then
the forward equation for this system of SDEs is given by the
system of PDEs

(Yr)t = DrAyp — V- (vi(x, t)yr) + Fr in Q x [0,1]
yk('vo) = yg in {)
n- (Vyr — vi(x, t)yr) =0 in O x [0,ty],
9

where k € V and Fi = 3 o ey ue(t)Qy;.

We can pose a problem for the system of SDEs (8) that
is similar to the one defined in Problem III.2, with a target
spatial distribution assigned to each discrete state:

Problem IIL.3. Given t¢ > 0,y°: —> RY,, and f: QN —
RY such that Y, [o 99 (x)dx = Y0y [o fi(x)dx = 1,
determine whether there exzsts a set of space- and time-
dependent parameters vi, : Q x [0,tf] — R™ and time-
dependent parameters u. : [0,t5] — R such that the solution
y of the system of PDEs (9) satisfies y(-,ts) = f.

It will be shown that the answer to Problem II.3 can
be concluded from the answer to the controllability problem
defined in Problem III.2 and the small-time controllability
properties of the system (7). Toward this end, we recall some
controllability notions from nonlinear control theory [9].

Definition IIL4. Given U C Ry and p° € P(V), we define
RY(u®,t) to be the set of all'y € P(V) for which there exists
an admissible control, u = {u, }.ce, taking values in U such
that there exists a trajectory of system (7) with pu(0) = u®,

w(t) =y. The reachable set from p° at time t; is defined as
Ry (%) = | RY(u%1). (10)
0<t<ty



Definition IILS. The system (7) is said to be small-time lo-
cally controllable (STLC) from an equilibrium configuration
pel € P(V) if the set of reachable states Rgf (u®) contains
a neighborhood of p® € P(V) in the subspace topology of
P(V) (as a subset of ]I_{f) for every ty > 0.

Here, we have defined local controllability in terms of the
subspace topology of P (V). This is because the set P(V) is
invariant for the system (7) of controlled ODEs, and hence one
cannot expect controllability to a full neighborhood of £“9.

Using the above definitions, we will also consider the
following problem.

Problem II1.6. Given u®l, determine whether the system (7)
is STLC from p®9.

Lastly, we will consider the problem of stabilizing a target
stationary distribution f°? of the process (8) using time-
independent control laws, which are more practical for im-
plementation than time-dependent control laws:

Problem IIL7. Given £°1 : Q0 — RY, where £°1 = [f...fn]7,
determine whether there exist time-independent and possibly
spatially-dependent parameters vy, : @ — R", K. : Q — R,
such that the solution of the system

(Yt = DAy, — V - (vi(x)yr) + Fi
yk(-,0) =y in Q
n- (Vyr — vie(x)yr) =0 in 0Q x [0,00),

where k € V and Fiy = 3 ce > icy K.(x)Q"y;, satisfies
limy 00 yi (-, t) = fr for each k € V.

in Q x[0,00)

A similar problem can be posed for the PDE system (5).
The solution to this problem for system (5), at least for
smooth target stationary distributions on bounded domains,
can be inferred from existing literature on Gibbs distributions
of Fokker-Planck equations evolving on compact manifolds
without boundary [39]. In this paper, we relax the smoothness
requirement on the achievable stationary distributions for
system (5) (see Lemma IV.4) and also consider (Euclidean)
domains with possibly non-smooth boundaries 0f2. More
importantly, we show in Theorem V.5 that we can construct
solutions to Problem III.7 by combining the result in Lemma
IV.4 with the solution to the problem of stabilizing target
stationary distributions of the finite-dimensional system (7),
which we previously established in [14].

IV. CONTROLLABILITY ANALYSIS
A. Controllability of PDE System (5)

In this section, we prove one of the main theorems of
this paper. Specifically, we show that the PDE system (5)
is controllable to a large class of sufficiently regular target
probability densities. We first provide some new definitions
that will be used in the subsequent analysis.

Given a € L°°() such that a > ¢ for some positive
constant ¢, and D(w,) = H} (), we define the sesquilinear
Sform w, : D(wg) X D(w,) — C as

(u,v) /V

) - V(a(x)v(x))dx (11)

for each v € D(w,). We associate with the form w, an
operator A, : D(A,) — L2(), defined as A,u = v
if we(u,¢) = (v,¢), for all ¢ € D(w,) and for all
u € D(A,) = {g € D(wy) : If € LE(Q) s.t. wa(g,9) =
(f, &)a V6 € D(wa)}.

Similarly, given a € L*°(f2) such that a > ¢ for some
positive constant ¢ and D(o,) = H(Q), we define the
sesquilinear form o, : D(0,) X D(0,) = C as

1 _
oq(u,v) = /Q mV(a(x)u(x)) - V(a(x)v(x))dx

for each u € D(o,). As for the form w,, we associate an
operator B, : D(B,) — Lz(Q) with the form o,. We define
this operator as B,u = v if o,(u,¢) = (v, ), for all

(12)

¢ € D(o,) and for all u € D(B,) = {g € D(o,) : If €
L2(Q) st. 9a(9,0) = (f, ¢)a Yo € D(04)}-
Note that, formally, —A; = —B; is the Lapla-

cian operator A(-) with Neumann boundary condition
(n- (V- )=0 in 09Q). For general extension domains €2,
the normal derivative might not make sense since it might
not be true that D(Ay) is a subset of H?(2) [23]. Then, the
Neumann boundary condition has to be interpreted in a weak
sense.

Using the above definitions, we derive some preliminary
results on the unbounded operators —A, and —B,. The
semigroups generated by these operators will each play an
important role in the proof of controllability of system (5).

Lemma IV.1. The operators A, : D(A,) — L2(Q) and B, :
D(A,) — L2(Q) are closed, densely-defined, and self-adjoint.
Moreover, the operators have a purely discrete spectrum.

Proof. Consider the associated form w,. This form is closed,
i.e., the space D(w,) equipped with the norm || - ||, given
by lulw, = (Jull2 + walu,u))1/? for each u € Dlw,),
is complete. This is true due to the fact that the multipli-
cation map u ~ a - u is an isomorphism from H!(Q) to
H'(Q2) and H'(Q) is a Banach space. Moreover, the space
HL(Q) is dense in L2(2). This follows from the inequality
llau — avl|s < ||a]|so||u — v]|2 for each u,v € L?(2), the fact
that the spaces L?(2) and L2 () are isomorphic, and the fact
that the H'(€2) is dense in L?(£2). In addition, it follows from
the definition of the form w, that w, is symmetric, meaning
that w,(u,v) = wq(v,u) for each u,v € D(w,). The form
W, 18 also semibounded, i.e., there exists m € R such that
Wa(u,u) > mlu||? for each u € D(w,). Particularly, this
inequality is true for m = 0 since w,(u, u) is non-negative for
all u € D(w,). Hence, it follows from [38][Theorem 10.7] that
the operator A, is self-adjoint. To establish the discreteness
of the spectrum of A,, we note that H'({) is compactly
embedded in L?(§)) whenever Q is an extension domain
(Definition I1.2). This implies that when H!(Q) = D(w,)
is equipped with the norm || - ||,,,, then it is also compactly
embedded in L2(£2). From [38][Proposition 10.6], it follows
that A, has a purely discrete spectrum.

For the operator B,, we only check that the form o,
is closed. The rest of the proof follows exactly the same
arguments as the proof for A,. To prove that the form o,
is closed, we need to prove that the space D(o,) equipped



with the norm |- ||, given by [[ulls, = (|lull? +0a(u,u))"/?
for each u € D(o,), is complete. Note that due to the lower
bound ¢ on a, there exist constants ki, ko > 0 such that

kq fQ Yu(x)) - V(a(x)u(x))dx
fQ LV (a(x)u(x)) - V(a(a(x)dx
< ko [ Via(x)u(x)) - V(a(x)u(x))dx

(13)

for all u € H}(Q). From these inequalities, it follows that
Fullulls < lfullo, < kollully for all u € Dio,) = HL(Q).
Hence, the form o, is closed. Due to the symmetry and
semiboundedness of this form, it follows from [38][Theorem
10.7] that the operator is self-adjoint. Since the norm || - ||, is
equivalent to the norm ||-|| 1, the discreteness of the spectrum
of B, again follows from [38][Proposition 10.6] due to the
compact embedding of H!(2) in LZ(9). O

Corollary IV.2. Consider the PDE

yr = Ala(x)y) in Qx[0,T]
y(-,0) =y in Q
n-V(a(x)y) in 00 x [0,T]. (14)

Let y° € L2(Q). Then —A, generates a semigroup of
operators (TA(t))i>o such that the unique mild solution
y € C([0,T); L2(Q)) of the above PDE exists and is given by
y(,t) = TA)y° for all t > 0. Additionally, the semigroup
(TA)i>0 is positive. Finally, if ||May°oc < 1, then
Mo TA)Y |l oo < 1 for all t > 0.

Proof. First, we note that the operator — A, is dissipative, i.e.,
[N+ A)ulle > Alju||, for all A > 0 and all u € D(A,),
since wq(u,u) > 0 for all u € D(w,). Next, we note that
—A, is self-adjoint, and hence the adjoint operator —A} is
dissipative as well. It follows from a corollary of the Lumer-
Phillips theorem [17][Corollary 11.3.17] that — A, generates a
semigroup of operators (7.”(t));>0 that solves the PDE (14)
in the mild sense.

Second, we establish the positivity of the semigroup. Toward
this end, we note that the absolute value function |- | : R — R
is Lipschitz. Hence, it follows from [42][Theorem 2.1.11] that
v € H() implies that [v| € H'(Q) whenever v is only real-
valued. This implies that if u € D(w,), then |Re(u)| € D(w,),
where Re(+) denotes the real component of its argument. Then
the positivity of the semigroup follows from [35][Theorem
2.7].

To prove the last statement in the corollary, consider the
closed convex set C = {u € L*(Q); Re(u) = u, u(x) <
1/a(x) a.e. x € Q}. The projection of a function u € L2(Q)
onto the set C' can be represented by the (nonlinear) operator
P, given by Pu = Re(u)Al/a = 1Re(u)+3|Re(u)—1/al. If
u € D(w,), then it follows from the chain rule [42][Theorem
2.1.11] that V(aPu) = isign(Re(au) — 1)V(Re(au)) +
1V(Re(au)). Hence, it follows that w,(Pu, Pu) < wq(u, u)
for all u € D(Q,). According to [35][Theorem 2.3], this
implies that the set C'is invariant under the positive semigroup
(TA(t))i>0; therefore, we can conclude that if || Mgy°]|o <
1, then [|M T2 (t)y°||oo < 1 for all ¢ > 0. O

Using the same arguments as in the proof of Corollary IV.2,
we have the following result.

Corollary IV.3. The operator —B, generates a semigroup
of operators (TE(t))i>0 on L2(Q). If additionally a €

Whee(Q) and y° € L2(Q), then y(-,t) = TE(t)y" is a mild
solution of the PDE
=Ay-V-(H&y)  in Qx[0,T]
y(-,0) =y° in
n(Vy— Yy =0 in 02x[0,T), (15)

with f = 1/a € WY(Q). Moreover, the semigroup
(EB(t))tzo is positive.

When f € (C°°(Q), the representation of the operator
A() = V- (S )i the form V- (FV(3 - ) s
a well-known technique in the literature on Fokker-Planck
equations for SDEs with drifts generated by potential functions
[39]. In Corollary IV.3, however, since a is only once weakly
differentiable and D(o,) = H}(Q) (or equivalently, H'(2)),
the operation Ay is not admissible unless a has additional
regularity. Hence, the mild solution y should be interpreted as
the weak solution of the PDE (15) when a, f € W1°°(Q);

i.e., it can be shown that y satisfies
<yt7 ¢>V*,V = Ua(ua (b)
Vi)
= \v4 v d AN
| et Vooix+ [ S5

for all € V and ae. t € [0,7], where V = H*(Q) and
V* is the dual space of V. Here, the second equality follows
from the product rule (Theorem IV.6) and the fact that a, f €
W12°(Q). Note that in the weak formulation (16), the second-
order differentiability of f or y is not required. That the mild
solution of a linear PDE is also a weak solution follows from
standard energy estimates and weak-topology arguments. See
also [4].

Next, we establish that the semigroups (7.2(t));>0 and
(TE(t))i>0 are analytic [27]. Additionally, we will show some
mass-conserving properties and long-term stability properties
of these semigroups.

Lemma IV4. The semigroups (T2(t))i>0 and (T.2(t))i>0
that are generated by the operators —A, and —B,,
respectively, are analytic. Additionally, these semigroups
have the following mass conservation property: if y° >
0 and [,3°(x)dx = 1, then [(TA)y°)(x)dx =
Jo(TE®)y°)(x)dx = 1 for all t > 0. Moreover, 0 is a
simple eigenvalue of the operators —A, and —B,. Hence, if
y° >0 and [, y°(x)dx = [, f(x)dx =1, then the following
estimates hold:

1Ty = flla <
ITE@)y° — flla <

(16)
(x,t) - Vo(x)dx

Moe™M||y°
Moe ly°

- f”(la
= flla

for some positive constants My, My, \, X and all t > 0.

a7
(18)

Proof. The operators A, and B, are self-adjoint and posi-
tive semi-definite. Hence, their spectra lie in [0,00). From
this, it follows that the corresponding semigroups generated



by —A, and —B, are analytic from the definition of an
analytic semigroup [27][Chapter IIJ. Let ny x)dx = 1
such that yo € L2(Q). Then [, (y(x,t) — ( ))dx =
—JoAa fo xsdsdx:fwafo xsdsl/a):()
for all ¢+ > 0. Hence, the integral preserving property
of the semigroups holds. For the exponential stability es-
timates (17) and (18), we note that since the domain ()
is a connected bounded extension domain, it follows from
Poincaré’s inequality [25][Theorem 12.23] that there exists a
constant C' > 0 such that for all v € H'(Q), [, |u -
ug|?dx < C’fQ\Vu )|2dx, where ug = (Q Jo u(

This implies that 0 is a simple eigenvalue of the Neumann
Laplacian operator A;. Since the operator A, can be written
as a composition of operators A3 M,, where M, is the
multiplication map u + au from H}(Q) to H(Q), it
follows that 0 is also a simple eigenvalue of A, with the
corresponding eigenvector f = 1/a. Additionally, for a given
u € HY(Q), wa(u,u) = 0iff 04(u,u) = 0 due to the assumed
positive lower bound on a. Hence, it also holds that 0 is a
simple eigenvalue of the operator B,. Then we can derive the
estimates (17) and (18) by applying [17][Corollary V.3.3] as
follows. We note that D(A,) C H}(Q2) and D(B,) C HL(Q)
are compactly embedded in L2(€2), since H1() is compactly
embedded in L2(€2). Thus, since the semigroups 7,2 (¢) and
TB(t) are analytic, which implies that T.A(t) € D(A,)
and 7.2(t) € D(B,) for all y° € L2(Q) and all t > 0,
these semigroups are immediately compact. Moreover, the
residue of the first eigenvalue 0 in [17][Corollary V.3.3] is
the projection operator onto the subspace spanned by the
element f € L2(Q), since 0 is a simple eigenvalue with the
corresponding eigenvector f. O

The above result implies that if v(-,t) = Vf/f, then the
solution of system (5) exponentially converges to f in the L2-
norm if f is in W1°°(Q) and is bounded from below by a
positive constant. Hence, this choice of v(-,¢) is a possible
control law for achieving exponential stabilization of desired
probability densities. In the next few results, we verify some
regularizing properties of the semigroups considered above,
which will be critical to our controllability analysis.

Lemma IV.5. Let a € L>°(Q) be real-valued and uniformly
bounded from below by a positive constant c1. Moreover, let
Yy € L2(Q) such that y° > cy for some positive constant

Co. If (T

F(t))t>0 is the semigroup generated by the operator
C1C2

—A, or — By, then TF (t)y° > ol for all t > 0.

Proof. Let k = c1co. Then we know that a~y0 > k. Hence, we
can decompose the initial condition as y° = kf + (y° — kf),
where f = 1/a. Note that y° —k f is positive and 7,2 (t) f = f
for all ¢ > 0. Therefore, it follows from the positivity
preserving property of the semigroup (Corollary IV.3) that
TE(t)y° > k/|lal|« for all t > 0. O

In order to prove the next result (Proposition IV.7), we
will use the following well-known product rule for Sobolev
functions.

Theorem IV.6. (Product Rule) Let Q2 C R™ be an open
bounded set. Suppose that uw € H'(Q) and v € WH(Q).

Then u-v € HY(Q), and the weak derivatives of the product
w-v are given by (uv)y, = Uz, v+v,,u for each i € {1,...,n}.

Proposition IV.7. Let a € W1 (Q) and uniformly bounded
from below by a positive constant c. Then D(A,) = D(B,).

Proof. Let u € D(B,). Then using the product rule (Theo-
rem IV.6), we have that w,(u, g) = <Bau,¢>>a - (%Va-
V(auw), ¢> for all p € HL(Q). Since a is in W°°(£2) and is
bounded from below by a positive constant, H'(Q) = H} ().
Hence, ¢ € H!(Q) implies that a - u, % € HY(Q) due to
the product rule (Theorem IV.6). Therefore, we can conclude
that wa(u,¢) = (a - Bau,¢) — (+Va - V(au),¢)  for
all € HX(Q). Hence, u € D(B,) implies u € D(A,).
To establish that u € D(A,) implies u € D(B,), we can
use a similar argument: if u € D(A,), then o4(u,ad) =
(Aqu,d) + (£Va-V(au),$), forall ¢ € Hy(Q). O

This lemma will play an important role in the theorem on
controllability, Theorem IV.13. It will be used to conclude that
solutions of the parabolic systems (14) and (15) have bounded
gradients for each ¢ > 0, provided that the boundary of the
domain 2 is regular enough. This will enable us to prove later
on that the control inputs constructed to prove controllability
are bounded.

Lemma IV.8. Let a € WH°(Q). Let Q be a domain that is
either C1 or convex. Then there exists m € 7. large enough
such that, for some C,, > 0, |V(a(x)u)|lcc < Cr(||T +
A"l o) for all w € D(AM). Similarly, there exists m' € Z
large enough such that, for some Cp, > 0, |V (a(X)u)]/oo <
Con (|(T+ Ba)™ ul|a) for all u € D(B™).

Proof. First, we consider the case where €2 is a C'1'! domain.
Let W2P(Q) be the set of elements in LP(£2) with second-
order weak derivatives in LP(Q)). Then we know that for the
Neumann problem with a = 1,

—Au+4apu=f inQ, n-Vu=0 in 99 (19)

has solutions u € W2P(Q) if f € LP(Q) whenever 1 < p <
00, ag € L*(Q) [22][Theorem 2.4.2.7]) and ay > /3 for some
£ > 0. These solutions have bounds

[ullwer < Cpll fllLr

for some constant C,, > 0. Note that v € LP(£2) implies
that Mou € LP(Q) for each 2 < p < oo. Suppose
that n > 2, where we recall that n is the dimension of
the Euclidean space R™ of which () is a subset. Note that
Q is an extension domain (Definition II.2). Then from the
W?2P regularity estimate (20) of equation (19) and from
the embedding theorem [25][Corollary 11.9], it follows that
f € L3(Q) implies (A4, + )™ f = (AiM, +I)™™f =
(A1 +MzHM,) "™ f € LI(Q) for some g > n form € Z;
large enough. For the general case n > 1, it follows from
the embedding theorem [25][Theorem 11.23] that f € L?(Q)
implies (A, + 1)~ f € L1(Q) for any desired n < ¢ < oo,
provided m € Z for m large enough. Since a € W (Q),
it follows from the W2 regularity estimate (20) of equation
(19) and Morrey’s inequality [25][Theorem 11.34] that if
feLr?Q), (A, +1)™™f =u € L), and m € Z, is

(20)



large enough, then [|[Vullco < Col fll2, where Coo > 0 is
independent of f.

A similar argument can be used when (2 is convex. However,
it is not clear if the W?2P regularity estimate (20) holds for
general convex domains. On the other hand, it can be estab-
lished that the LP regularity estimate of the PDE (19) holds
for such domains. In particular, it follows from [3][Corollary
6.3.3] and the embedding theorems [25][Corollary 11.9, The-
orem 11.23] that for any 1 < p < oo, there exists m € Z4
large enough such that (A, + I)™™ is a bounded operator
from L2(Q2) to LP(). This last statement uses only the
extension property of the domain €2, which is not required
to be convex for the statement to hold true; the convexity of
Q is required mainly to derive the bounds on the gradient
of the solution w. For this derivation, we use a result from
[29]. Since a € W1°°(Q), it follows from the theorem
[29][Theorem] that there exists a constant C’_ > 0 such that
if f e L*Q), (Ao +1)™™f = u, and m € Z, is large
enough, then ||Vu| e < CL || fll2, where C’ is independent
of f. In this last statement, the theorem [29][Theorem] can
be applied to derive the gradient bounds due to the fact that
(Ag + 1)~ f € L9(Q) for some g > n for m € Z, large
enough.

The inequality for the operator B, can be derived using
exactly the same approach as for A,. Hence, we only point
out the key results needed. Particularly, for a C*!' domain,
the W?2P regularity estimate (20) also holds for the equation
-V- (a(x) Vu)+agu = f from [22][Theorem 2.4.2.7]. For the
case where () is convex, the WP regularity estimate has been
proved in [21][Theorem 1.3] for solutions of elliptic operators
in divergence form on convex domains. Since a € W1 (Q),
using the product rule (Theorem IV.6), the gradient bounds of
the Neumann Laplacian [29][Theorem] also give the desired
gradient bounds of the operator V - ( V ). O

Lemma IV.9. Let Q2 be a domain that is either C** or convex.
Let y° € D(A™) for some m € Z. Then the mild solution,
y € C([0,00); L2(Y)), of the PDE (14) satisfies y(-,t) €
D(A™) for each t € [0, 00). Moreover, the following estimates
hold for some positive constants M,, and \:

1T+ Aa)™(y° —

Proof. We are given that y° € D(A™). Since the semigroup
(TA(t))i>0 and its generator —A, commute, we know that
1T+ 4™ TAD) G — Dlla = ITAGI + Ag)™ (5

Plla < Moe ™ M[|(IT + A)™(y° — f)|lo for some positive
constants My and . O

lla < Mpe . 21

Since controllability will first be proved in Lemma IV.11
under the assumption that the initial condition is bounded from
below by a positive constant, the following lemma will be used
to relax this assumption in Theorem IV.13.

Lemma IV.10. Let Q be a domain that is either C1' or convex
and that satisfies the chain condition (see Definition I1.3). Let
yY € L2(Q) be such that y° > 0. Let y € C([0,T]; L*(£2))
be the unique mild solution of the PDE (14). Then for all
t € (0,00), there exists a positive constant, ¢; > 0, such that
y('a t) > ¢y

Proof. Consider the heat equation with Neumann boundary
condition, that is, the PDE (5) with v = 0. The solution y of
this PDE can be represented using the Neumann heat kernel
K. That is, there exists a measurable map K : (0,00) x Q? —
[0,00) such that the mild solution y can be constructed
using the relation y(x,t) = [, K(t,x,2)y°(z)dz for each
t € (0,00) and almost every x € €. From [12][Theorem
3.1] (for C*!' domains) and [26][Corollary 2.1] (for convex
domains), for some C > 0, we know that K(¢,x,2z) >

c —|x—z|?
(Ant)172 exp(— 7

x,z € ). From this, the lower bound on y(-,

) for each t > 0 and almost every
t) follows. [

In the following lemma, we establish a controllability result
under the assumption that the initial condition is sufficiently
regular and the final time ¢¢ is equal to the infinite summation

1
Ziil k2
Lemma IV.11. Let y° € D(A™) for some m € Z. such
that y° > ¢, for some positive constant ci. Suppose that f €
wh Oo(Q) such that f > co for some positive constant co

and [, f(x)dx = fQ y°(x)dx. Assume that the final time is
specified as ty = Y oo, % Define the vector field v in the
PDE (5) by
V(1) = Y gy V) (22)
Y Yy

for some a > 0, j € Z,, where a = 1/f whenever t €
[ch 11k12, fe 1 kz) Here, wedeﬁnezk 1 kQ =0ifj=0.

If Q is a domain that is CY'' or convex, then there exist
m' € Zy and « > 0 large enough and independent of m
such that if m > m/, then v € L>([0,ts]; L>°()") and
y('v tf) =

Vy - V(ay)
Yy

Proof Substltutlng v(nt) = 3F —aj whenever ¢ €
i =2

k 172 ) in the PDE (5), it can be seen that if the
solution of this PDE exists, then it can be constructed from
mild solutions of the closed-loop PDE

5 = ajA(a(x)7) inaxw%>
G0 =" =y(, It &) in ©
n-V(ag) =0 in [o,j%). (23)

In particular, if ¢ € [Z b1 %
S1-1 & for some i € [0, )
y(,t) = ( SV L +4d) = g(,i). This implies that

y(>0_) & +14) = §(,9) for each i € [07].%) and each
m € Z,. Since y° is uniformly bounded from below by a
positive constant, y is also uniformly bounded from below
according to Lemma IV.10. Moreover, since a € W1>°(Q), it
follows that D(A,) C H}(£). Due to the regularity assump-
tion on the initial condition, we know that y(-,t) € D(A,)
for all ¢ € [0,ty). Hence, the velocity field v is well-defined
for all t € [0,¢), i.e., it is at least square-integrable at almost
every time .

Noting that —3A, generates the rescaled semigroup
(TA(Bt))e>0, and applying Lemma IV4, it follows that

lly (- flla = 172 (ke /). T2 (2)y® = flla =

T 1,32) then t = i +
Hence, we obtain the relation

[

ket ) —



1T (>0 B)yo—flla < Mye > Zi—1 & foreach j € Z.,,
for some positive constants My and A independent of j. Since
the summation Y, _; 1 is diverging, we have that y(-,t7) = f
if the solution is defined over the interval [0,¢¢]. Since y is
continuous on [0, t¢) and uniformly bounded, it follows that y
is in C([0,t7); LZ(€2)) and can be extended to a unique mild
solution y € C([0,¢s]; L2(€2)) defined over the time interval
[07 tf]'

It is additionally required to prove the existence of m’ €
Z, and o« > 0 such that, if m > m/, then v €
L>([0,t]; L>°(2)™). First, we derive bounds on the term
1/y(-,t). Due to the lower bound on the initial condition
y°, and noting that y(-,t) = T,4(f)y° for some ¢ € [0, 0)
depending on t € [0,%y), it follows from Lemma IV.5 that
there exists a positive constant d such that

y("t) >d

for all ¢ € [0,tf). This gives us the uniform upper bound
1/d on the term 1/y(-,t). Next, we consider the term
aV(a(x)y(-,t)). We note that yo € D(AJ). Hence, we
can apply the estimate in Lemma IV.9 to obtain |(I +
A" &) = lla £ Me *Zi=it for some
positive constants M and \. From Lemma IV.8, it follows that
when € is a domain that is C*! or convex, there exist C > 0
and m’ € Z, depending only on a such that, if m > m/, then

(24)

laejV (a Moo < CajMe *ATizit (25

N
) Z ﬁ
k=1
for some positive constants M and A. The right-hand side
of the estimate (25) is not uniformly bounded for arbitrary
a > 0 due to its dependence on j. However, we note that
limj o —In j + >7_, 1+ = 7. where v > 0 is the Euler-
Mascheroni constant [18][Section 1.5]. Therefore, by setting
a > 1/, the right-hand side becomes uniformly bounded for
all j € Z,. Since a € W1>(Q), it follows from the product
rule and the estimate (25) that

IVy(, )lleo < Co

for some positive constant C5 and for all ¢ € [0,ty).

From the estimates (24)-(26), it follows that if o > 0 is large
enough, then v € L>([0,t]; L>°(2)™) and y(-,ty) = f. This
concludes the proof for the case when the domain Q is C'*!

(26)

Or COnvex. O
Note that any control law of the form v(-,¢) = % -
amP YY) for numerous other values of B and a will also

achleveythe desired controllability objective, due to the fact
that an exponential function of a variable grows faster than
a polynomial function as the variable tends to infinity. Addi-
tionally, we could replace the parameter m with a continuous
function m(t) such that fo T)dT =

The following corollary follows from Lemma IV.11 using
a straightforward scaling argument.

Corollary IV.12. Let y° € D(A™) be such that y° > c; for
some positive constant ¢1 and m € Z.. Let () be a domain
that is either C1'1 or convex. Suppose that f € W1 (Q)

such that f > co for some positive constant ca, fQ x)dx =
ny x)dx, and a = 1/ f. Let t; > 0 be the final time. Then if
m is large enough there exists v.€ L>([0,ty]; L= (2)™) such
that the mild solution y of the PDE (5) satisfies y(-,ty) = f.

Now, we are ready to state and prove our main theorem,
where we relax the assumptions on the initial condition 7°
made in Corollary IV.12. However, we will need to impose the
additional constraint that €2 should satisfy the chain condition.

Theorem IV.13. Let Q be a domain that is either C1' or
convex and that satisfies the chain condition. Let y° € L?({2)
be such that y° > 0 and ny x)dx = 1. Suppose that
f e VV1 2 (Q) such that f > ¢ for some positive constant
¢, [of(x)dx = 1. Let ty > 0 be the final time. Then there
exists v.€ L®([0,ts]; L>()™) such that the unique mild
solution y of the PDE (5) satisfies y(-,ts) = f.

Proof. Set v(-,t) = 0 in the PDE (5) for each ¢ € [0,¢/3],
where € € (0,ty) is small enough. Then this PDE is the heat
equation with Neumann boundary condition. From Lemma
IV.10, it follows that the solution y satisfies y(-,€/2) > ¢
for some positive constant c¢. For each t € (¢/3,2¢/3], let
v(,t) = va. Then the mild solution of the PDE is given by
the semigroup (7.2(t))i>0, where a = 1/f. From Lemma
IV.4, the semigroup (7.2(t)):>o is analytic. Hence, from
regularizing properties of analytic semigroups [27][Theorem
2.1.1], it follows that y(-,¢) € D(B}) for each j € Z,. From
Lemma IV.8, this implies that || B,y(, 2¢/3)||c < 00. Due to
the product rule (Theorem IV.6), Proposition IV.7, and Lemma
IV.8, this inequality implies that ||A,y(-,2¢/3)|c < ¢ for
some ¢ > 0. Let v(-,t) = E - V(;y) for t € [2¢/3,¢].
Then from the last statement of Corollary IV.2 and the
fact that the operator —A, commutes with the semigroup it
generates it follows that HM Ay(-, Hoo = M TA(t —
2¢/3)aAay(+,2€¢/3)||cc < ¢ for some ¢ > 0 and for all
te (26/3, €]. Since a € W1°°(2), we can apply the result in
Proposition IV.7 and the gradient estimates of the Neumann
Laplacian in [22][Theorem 2.4.2.7] and [29][Theorem]. Taken
together, all of these observations imply that |Vy(-,t)||c < k
for some k > 0 and all t € (2¢/3, €]. From Lemma IV.5, it also
follows that y is uniformly bounded from below, and hence
v(-,t) is essentially bounded for all ¢ € [0, €]. Lastly, due to
the analyticity of the semigroup (7.2 (t))¢>0, y(-,€) € D(AL)
for each 57 € Z,;. Then the result follows from Corollary
Iv.12. O

In the following theorem, we note that system (5) has
stronger controllability properties than Theorem IV.13 de-
scribes: this system is path controllable if the path is confined
to a subset of L?((2) that is regular enough. This should not be
very surprising due to the large dimensionality of its control
inputs as compared to the choice of controls in classical PDE
control problems, where control inputs are typically localized
on a small subset of the interior or boundary of the domain.
We restrict the path to the space W2°°(Q) for simplicity.

Theorem IV.14. Let Q2 be a domain that is either C' or con-
vex, and ty be given. Suppose that v € C*([0,1]; W2>°(Q))
such that ~(t) > c for some positive constant ¢ and for all



t € [0,ty]. Additionally, suppose that [, ~(x,t)dx =1 for all
t € [0,t7]). Then there exists v € L>([0,1]; L>°(Q)™) such
that a solution of the PDE (5) satisfies y(-,t) = ~(t) for all
t € [0,ty), provided that v(0) = y°.

Proof. Fix t € [0,ty]. Consider the solution ¢(t) € L*(Q) of
the Poisson equation in weak form,

wn((1),1) = (TL(0), ) for all € H'(9),

where 1 is the function taking value 1 everywhere on €). Note
that since [, y(x,t)dx = 1 for all t € [0,ts], we have that
Jo %(x,t)dx = 0 for each ¢ € [0,%y], and therefore the
Poisson equation has a unique solution for each ¢ € [0,ty].
Then it follows from [22][Theorem 2.4.2.7] and Morrey’s
inequality [25][Theorem 11.34] (when € is a C*!' domain)
and [29][Theorem] (when €2 is convex) that there exists a
constant C' such that [|[Vo(t)|lee < C||V(0v(t)/0t)]]2 <
C||V(07(t)/0t)| o for each t € [0,tf]. Then setting v(-,t) =
Vol _ YU for each ¢ € [0,tf] gives us the desired

y(t) ()
controllability result. O
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Note that this approach to prove path controllability using
the Poisson equation coincides with the approach used by Otto
in [34] to define a formal Riemannian metric on the space of
probability densities, when the domain €2 is R™.

B. Controllability of ODE System (7)

In this section, we investigate the controllability properties
of the system (7).

Proposition IV.15. If the graph G = (V,E) is not strongly
connected, then the system (7) is not locally controllable.

Proof. Suppose that G = (V,€) is not strongly connected.
Then there exist vertices v1, v € V such that there does not
exist a path in £ from v to v;. Let V; be the (non-empty)
subset of vertices v € V such that v = wv; or there exists
a path in £ from v to v;. Analogously, let V5 be the (non-
empty) subset of vertices v € V such that v = vy or there
exists a path in £ from vy to v. Since there does not exist a
path in £ from vy to vy, it is clear that V; and Vs are disjoint.
By construction, the set V; is the largest backward invariant
subset of vertices containing v;, and Vs is the largest forward
invariant subset of vertices containing vs. Since no edge enters
V1 from V — Vq, and no edge leaves Vs, the total mass in V;
can only decrease, and the total mass in V5 can only increase.
Then the output function ¢: P(V) — R defined by

410(/1’) = Z Moy — Z My

vEV2 veV)

(28)

is nondecreasing along every solution curve of the system (7),
which therefore is not locally controllable. O

The following proposition will be used to address Problem
111.6.

Proposition IV.16. If the graph G = (V,&) is strongly
connected, then the system (7) is STLC from every point in
int(P(V)).

Before proving the proposition, it is helpful to take a
closer look at the relations in the Lie algebra of the control
vector fields, and the corresponding product on the semigroup
generated by their exponentials.

Suppose that e = (i,7),¢’ = (k,¢) € £ are two edges. If
{i,5},{k, £} CV are disjoint, then the control matrices Q; ;)
and Q(j,¢) commute, and hence so do their exponentials. If
k =j and £ # j, then Q; ;yQj,») = 0, and the commutator
evaluates to

Qi) Q] = Qo Qi) = Qi) — Quiey-

From this, we can conclude that if the graph is strongly
connected, then the Lie algebra spanned by the control vector
fields fe: p — Qept spans the tangent space T, (P(V)) at
every point g € int(P(V)). However, since in our case O is
not an interior point of the convex hull of admissible control
values u € [0,00)M, classical results on STLC do not apply
directly.

For any edge ¢ = (i,7) € £, the exponential of the control
matrix Q. is a stochastic matrix with entries given by

1 if k=1¢+#S5(e)
et if k=0=2S5(e)
if k=T(e) and ¢ = S(e)
0 otherwise.

(29)

(exptQe)re =

(30)

Rather than writing out a general formula for the

corresponding product on the group for arbitrary edges

(i,7),(4,€) € &, we only state the product for the special

case of V = {1,2,3} and edges e = (1,2) and ¢’ = (2,3) as
an illustration:

e * 0 0

e t(1—e™*) et 0

(I—eH1—-e*%) 1—et 1

Proof. (of Proposition 1V.16). Suppose that the graph G =
(V,&) is strongly connected. Fix an arbitrary point pu® €
int(P(V)). Then there exists p > 0 such that each coordinate
pd > 2p. Let Ap € [—p/M, p/M]™ be an arbitrary but fixed
vector such that Zvev Ap, = 0. Let the final time 7" > 0
be arbitrary but fixed. We explicitly construct a piecewise
constant control u: [0,77] ~ [0,00)"¢ that steers the system
(7) from pO at time 0 to u® + Ap at time T

Let vg € V be arbitrary but fixed. As a consequence of
Proposition IV.15, there exists a path v = (eq, ..., es) of edges
in £ that connects vy = S(ey) back to T'(e5) = vo and which
visits every vertex v € ) at least once. For 1 <1 < s, let v; =
T(e;). Let At = T'/s. Define the finite sequence {0;};_;, €
{0,1}* by 6, = 1 if for all i+ < j < s, v; # v;, ie. the
edge e; € ~ is the last edge whose source is S(e;) = v;. This
sequence ensures that a control variation in the direction of
1, is only taken along the last edge that starts at v; in other
words, that mass is removed from the vertex v only during
the last time interval when the path visits this vertex. Finally,
define a finite sequence {o;};_, € [—p,p]® that keeps track
of the accumulated control variations, where

e'QeresQe = 31)

00=0, o;= Z@Auq,jfl, 1<i<s. (32)
j=1



Note that if the path + is a Hamiltonian cycle, then s = M,
§; =1forall i =1,..s and 0; = 23:1 Apty,_,, which
simplifies the formula (33) below.

To distinguish between the two cases where S(e;) = v; =
vo and S(e;) = v; # vo, we introduce the vector y* € RM
by setting y9 = py, — p and y9 = p,, if v; # vo. Consider
the piecewise constant control u: [0, 7] ~ [0,00)™V¢ that is
defined on each interval ¢ € [( — 1)At,iAt), 1 <i < s, as

_ L (1 _ H)
At Yy +p—oic1
and u(t) = 0 for all e # e;.

The key idea in this construction is that the much simpler
control obtained by setting Ap = 0 in definition (32)
successfully moves a mass p > 0 from vy along the path
v and back to vg. It is critical that the component u., of the
control be strictly positive on the i*" interval of time, which
enables the application of classical signed control variations
to this component on the interval. The explicit introduction of
the nonzero Ap then allows the following endpoint map to
be calculated explicitly:

Ue, (1) (33)

—
H oxp (Atue,Qe,) - p° = p° + Ap,

1<i<s

(34)

resulting in equation (33) for the control.

In the first time interval [0, A¢], note that op = 0 and y,,, =
14y, — p» and hence the only nonzero and non-unity entries of
the matrix exponential take the simpler forms

exp(Atu vovo _ o—Atue; _ 1 _ P
(exp(Atue, Qc,) g

=1- p/:OCTl , and

Vo

exp(Atu O T ) S—
( p( e1Qe1)) #20—P+P—UO

_pP—01

1,

From this, it readily follows that

fhoo (A) = pg — p+ 01 = pg, — p+ 018y, , and
pro, (AL) = g, + p — o1

Now suppose that 1 < ¢ < s is arbitrary but fixed. We
consider the following three cases.

Case 1. S(@i) = v; 75 Vo 7’5 Vi+1 = T(ei), and hence
Yo, = g, and yp). = py, . and in particular i # s — 1.

The induction hypothesis is that the following equalities
hold:

fro (IAL) = iy, +p— oy and  puy,,, (iAL) = 41 . (35)

The second equality is true because ¢; = 0, since we assumed
that ¢ + 1 # s, which implies that there is an edge e; with
j=1+1>isuch that S(e;) = v,.

For the (i+1)%* time interval [iAt, (i+1)At), note that the
only nonzero and non-unity entries of the matrix exponential
are (given that 39 = ud ):

(eXP(Atuei+1 Qeq‘,+1))vivi — At

P 0i41
o, +p =0
(exp(AtueiHQei+1))”i+1”i —1_
POt
Ho, +p — 0

and

)

e—AtueiJrl

From this, it readily follows that

po, (i + DAL) = g (iAL) = p+ 041 = py, — 00 + 0ip1
= ugi + 0iv1Ap,, , and
fro o (0 + D) AL) = ) (iAE) + p — 044
= ugm +p—0it1,
where we have used the recursive definition of ¢ in terms of
;.
Case 2. S(e;) # vo = vi41 = T'(e;) and i < s — 1, and
hence yy, = py, and gy, = pg,, — p.

The induction hypothesis is that the following equalities
hold:

Ho; (ZAt) = Mgl +p—o0; and Moy (ZAt) = :U’S,v,+1 - p-
The second equality is true because §;, = 0, since we assumed
that 4 < s — 1, which implies that there is an edge e; with
j =141 > i such that S(ej+1) = Vj41-

For the (7+ 1) time interval [1At, (i+1)At), note that the
only nonzero and non-unity entries of the matrix exponential
are (given that 9 = uf):

(exp(Atue,,, Qe , ))vv = e Atuei
P 0it1
Ho, +p— 0o
(exp(Atuei+1 Qei+1))vovi =1-
P
Ho, +p— 0

, and

efAtu(qurl

From this, it readily follows that

pro, (i + 1)AL) = pi), (1AL) = p+ 0441
= Ngi + 05+ 041 = Mg,; +0it1Auy, , and
froo (i + 1) At) = pig (IAE) = p+ p — 0i
= poy +0is1
where we have used the recursive definition of ¢ in terms of
d;.
Case 3. S(e;) =v; =v9 # T(e;) and i < s —1, and hence
ygi = :LL?), - p and y8i+1 = lu?)«i+1'
The induction hypothesis is that the following equalities
hold:

Hug (ZAt) = N?}o —o; and Hoiq (ZAt) = M?)Hl' (36)

The second equality is true because §; = 0, since we assumed
that ¢ < s — 1, which implies that there is an edge e; = ;41
such that S(ej+1) = Vj+1-

For the (i+ 1) time interval [1At, (i+1)At), note that the
only nonzero and non-unity entries of the matrix exponential
are (given that ygi = ,ugi):

(exp(Atue,;H(;251,+1))U0v0 = e Attein



_ P01
po, —p+p—oao
—1-7 _001
:LLU()
efAtu(3

, and

(exp(AtueHlQeiﬂ))UHWO =1- i+l
p— o1
1, —p+p—o0o
p—01
19,

From this, it readily follows that

oo (i + 1)AL) = g (IA) — p+ 0441
= ﬂgo —p+0;+ 0541
= ,Ugo —p+ 5i+1A,u’Ui+1 ’ and
vy ((’L + 1>At) = NgiJrl (ZAt) +tp—0ip1
=l TP Ok
where we have used the recursive definition of o; in terms
of d;. By the definition of ¢;, it is clear that after the last
edge starting at v;, j,,(t) stays constant with value p,, (t) =
19+ Ap; for all (j +1)At <t <T.
In the final step on the time interval [T — At,T] corre-
sponding to the edge es = (vs—1,vs) = (vs—1,v0), the initial
conditions are

fo,_ (s = 1)At)=p) _ +p—0s_1, and
frog (s = DAL) = 1) — p = 552wy,
= Hoy = P — Dy
In the second equation, §; = 1 because there is no subsequent
edge in the path ~ that starts from vy.
For this s'" time interval [T — At, T, note that the only

nonzero and non-unity entries of the matrix exponential are
(given that yJ = p) )

(exp(Atue, Q)" "7t = e A
p—os
I R and
(exp(Atue, Qe, )" =1 — e~ At
___p-os
o, +p—0s-1

From this, it readily follows that
po,_ (T) = . ((s = DAL) — p — o,
= ,Ufgs_l + 051 — 05
- 1‘2571 + Apy, , , and
fioo (T) = iy, ((s = 1)At) — p+ p — 0

:MSO +o0s = M?)O_ Z Apy =
vEV\vg

.U?;O + A:“Uo .

Here, we have used the recursive definition of o; in terms of
d; and the fact that ), Ap, = 0. O

Theorem IV.17. Let T > 0. If the graph G = (V,&) is
strongly connected, then the system (7) is globally controllable
within T from every point in the interior of the simplex P (V).

Proof. Suppose that p® u? € int(P(V)). Let p =
s min{ud, ul: v € V}, L = ||p"—pO1, and N = ceil(L/p).
Partition the straight-line segment from p° to p” into N
segments, e.g. with endpoints y* = p® + £ (u? — pO) for
0 < k < N. Using Proposition IV.16, there exist controls
u”: [%ZW] + [0,00)Ve that successively steer the
system from p” to p**!. Thus, the concatenation of these
controls steers the system from u’ to p? in time T using
piecewise constant controls that take values only on the axes
of ]Rf\f . O

C. Controllability of the PDE System (11)

In this section, we will consider the controllability problem
described in Problem III.3. We define some new notation that
will be needed in this section and the following one. These
definitions will be used to construct solutions of the system
of PDEs (9) and hence enable the controllability and stability
analysis. Let a = [a; ag ... ax]T € L®(Q) = Z; x ... X Zx,
where a; € L>®(Q) and Z; = L*®(Q) for each i € V. If
¢ > 0, then we write a > ¢ to denote that a; > c¢ for
each 7 € V. We will assume throughout that this condition
is satisfied by a for some positive constant c. We consider the
operator B, : D(Ba) — L2(Q), where L2(Q) = L2 () x
. x L2 (Q) is equipped with the norm || - ||a, defined as
[ulla = (3L, flus|2)V/? for each u = [us ... un]” € L2(€),
and D(B,) = D(By,) X D(Bg,) X ... X D(By, ). The operator
B, is defined by B,v = [Ba,v1 Ba,vs ... Bayvn]? for
each v = [v; ... vxy]T € D(Ba). Corresponding to each
matrix Q., we associate a bounded operator Q. on the
space L2(Q) given by (Q.y)(x) = Q.y(x) for each y =
[y1 ... yn]T € L2(Q) and ae. x € Q. Let b € L*>°(Q). My,
will denote the multiplication operator defined by Mpv =
[Mp,v1 Mp,va ... My on]T for each v € L2(Q) = L2(9).
For a function K, € L>(Q), K.Q, will denote the product
operator My, Q., where My, is the multiplication operator
corresponding to the function b € L () defined by setting
b; = K, for each 7 € V.

Using these definitions, we construct some semigroups on
the space L2 () that will be used to address Problem IIL.3.

Lemma IV.18. Let { K, }ccs be a set of non-negative functions
in L*>®(Q). Suppose b € L*(Q) such that b; = D;1 is a
positive constant function for each © € V. Then the operator
—MpBa+ ) e Ko Q. generates a semigroup of operators
(S(t))t>0 on L2(Q). Moreover, the semigroup is positive and
mass-conserving, i.e., if y° € L2(Q) is real-valued, then
Yiev Jo(SO)y?)i(x)dx =3, oy, [ vi(x)dx for all t > 0.

Additionally, if a; € Wh*°(Q), then S(t)y° is the unique
mild solution of the system (9) with f; = 1/a;, v;(-,t) =
D;Vfi/fi and u.(t) = K. for all i € V, all e € £, and all
t €0, tf].

Proof. The generation of the semigroup (S(t)):>o follows
from the fact that —MpBa + ) o K.Q. is a bounded
perturbation of the operator —MpB,. The positivity pre-
serving property of the semigroup can be demonstrated as
follows using the Lie-Trotter product formula [17][Corollary
II1.5.8]. Let (U(t));>0 be the semigroup generated by the



operator ) o K.Q.. In fact, the semigroup can be explicitly
represented as U(t) = e2oece K<t for each t > 0. Moreover,
(eXece KeQelyl)(x) = e2icce Ke(X)Qety0(x) for each y° €
L2(Q) and a.e. x € Q. The semigroup (U(t))¢>0 is positivity
preserving since each matrix Q. has positive off-diagonal
entries. From Corollary IV.2, we also note that the semigroup
(V(t))i>0 generated by the operator —MpB, is positivity
preserving. Moreover, since ) .. K. Q. is a bounded opera-
tor, there exists w € R such that ||U(t)||op, < Me®! for some
positive constant A/ for all ¢ > 0. The semigroup (V(t)):>0
is contractive, ie., |V(t)|lop < 1 for all ¢ > 0. Hence, it
follows from the Lie-Trotter product formula that S(t)y" =
lim,, o [V(t/n)U(t/n)]"y° for all ¢+ > 0. Therefore, the
semigroup (S(t)):>o is positivity preserving. Through another
application of the Lie Trotter product formula it follows
that Ezev Jo(S (x)dx = Y.y Joyd(x)dx for all

O

In the following lemma, we identify a relation between
solutions of the system of PDEs (9) and solutions of the ODE

).

Lemma IV.19. Let {q. }ecs be a set of non-negative constants.
Suppose b € L>(Q) such that b; = D;1 is a positive
constant function for each i € V. Let (S(t))i>0 be the
semigroup generated by the opemtor —MpBa+) ce e Qe
Additionally, assume that y° € D(—MpB,) is real-valued
and that 119 = fQ v (x)dx for each 1 6 V Then the solution
of the system (7) sattsﬁes wi(t fQ (x)dx for each
t >0 and each 1 € V.

Proof. Let y(-,t) = S(t)y" for each ¢t > 0. Then the result
follows by noting that

i (x,t)dx
pn y(X)
:/DBaylxtdx—i—ZZ/qu’ylxt
j=1ee&
= D) + 3302 [ e
j=1eeé&
= 02 [ it
j=1ec&
for all t > 0. O

The lemma above allows us to apply the results of Theorems
IV.13 and IV.17 to prove the following controllability result,
which addresses Problem III.3.

Theorem 1V.20. Let Q be a domain that is C*' or convex
and that satisfies the chain condition. Let ty > 0. Let
fi € WLe(Q) for each i G V such that f; > c for some
positive constant c. Suppose y € L2(Q) such that y° > 0 and
> fo fix)dx = 3, [ yd(x)dx. Then there exist control
parameters {Uz}zEV in L*°([0, tf],L‘X’(Q) ) and {uc}ecs in
L>([0,ty]), where each u. is non-negative, such that the
unique mild solution of the system (9) satisfies y;(-,t;) = fi
for each i € V.

Proof. Let v;(-,t) = 0 for each t € [0,¢;/2] and for each
1 € V. Then from Theorem IV.17 and Lemmas IV.18 and
IV.19, it follows that there exist piecewise constant parameters

2 [0,t5/2] — R+ such that the mild solution of the PDE
(9) satisfies [, yi(x,t5/2)dx = [, fi(x)dx for each i € V.
Then the result follows by extending the function u, to the
domain [0, t¢] by defining u.(t) = 0 for ¢t € (t;/2,ts] and by
defining v;(-, t) for ¢t € (t;/2,¢;] as in the proof of Theorem
IV.13. O

V. STABILIZING DESIRED STATIONARY DISTRIBUTIONS

In this section, we address Problem III.7. We first briefly
review the notion of irreducibility of a positive operator [31],
which will be used extensively in the theorems in this section.
Let P be a positive operator on the Hilbert space X = L2(1)
(or L2(2)) for some a € L>(Q) (or a € L>(1)), i.e., a linear
bounded operator that maps real-valued non-negative elements
of X to real-valued non-negative elements of X. Let Qcn
(or Qc oV ) be a measurable subset. Consider the set Zg
defined by Zp, = {f € X : Q C {x € Q: f(x) = 0}}. P
will be called irreducible if the only measurable sets QcQ
for which the set Z is invariant under P are Q = Q
(or OV) and Q = @, the null set. A positive semigroup
of operators (7 (t));>0 on X will be called irreducible if
T(t) is an irreducible operator for every ¢ > 0. Suppose
that A is the generator of the semigroup (7 (t));>o and
s(A) := sup{Re()) : X € spec(A)}. Then (7 (¢))¢>0 being
irreducible is equivalent to (Al — A)~! mapping real-valued
non-negative elements of X to strictly positive elements of
X for every A > s(A) [2][Definition C-IIL.3.1]. Note that
the definitions in the cited reference are stated in a general
framework of Banach lattices, for which (7 (t));>0 being
irreducible is equivalent to (AI — A)~! mapping positive
elements of X to quasi-interior elements of X. However, for
the spaces that we consider, quasi-interior elements are the
same as functions that are positive almost everywhere on their
domain of definition.

Theorem V.1. Let {q.}cce be a set of non-negative constants.
Then spec(D e qeQe) C C_.

Proof. This follows from [33][Theorem II.1.1] by noting that
all the elements of the matrix Gy = Al + > cce Qe are
non-negative for A > 0 large enough. O

Theorem V.2. Let {q.}cecs be a set of non-negative constants.
Let a € L™(Q) such that a > ¢ for some positive constant
c. Suppose b € L*>®(Q) such that b; = D;1 is a positive
constant function for each i € V. Then spec(—MpBa +
Dee Gets(e)Qe) C C—.

Proof. Let W = —MpBa + > ccGetse) Qe Let A €
C\spec(—MpBa + > . ce Gets(e)Qe) be real and large
enough such that (Al — W)~! is a positive operator, i.e.,
(AI-W)~1 f > 0 whenever f > 0. Such a \ necessarily exists
because the semigroup (U(t));>0 generated by the operator
W is positivity preserving from Lemma IV.18. Hence, the
existence of A follows from the resolvent formula (Al —
W)=t = [ e MU(t)dt when X is greater than the growth



bound of the semigroup (U(t)):>0, which is equal to the
spectral growth bound s(W) of W since (U(t));> is analytic
[17][Theorem I1.1.10]. Let Ry = (Al — W)~!. The operator
—M B, has a compact resolvent since H,; () is compactly
embedded in LZ(Q) for each 7 € V [38][Proposition 10.6].
The operator Ry is compact and positivity preserving since
W is a bounded perturbation of —M,B,. Additionally, the
spectral radius of R, is positive since 0 is an eigenvalue of
W (and hence % is an eigenvalue of R)). Therefore, from the
Krein-Rutman theorem [31][Theorem 4.1.4], it follows that if
r is the spectral radius of the operator R, then there exists a
positive nonzero element h € L2(2) such that rh— Ryh = 0.
Then it follows that h € D(W) and (A — 2)h — Wh = 0.
For the sake of contradiction, suppose that A > % Then we
have that

a/@hi(x)dx + /QDi(Baihi)(X)dX
N ..
- ZZ/QqeGS(e>(X)Q?hj(x)dx:0

eecf j=1

for each i € V, where a = \ — % This implies that

N ..
«Q /Q hi(x)dx — Z Z /Q qes(e) (x)QY hj(x)dx =0

eecf j=1

for each + € V. But this implies that the matrix
> ece Geks(e)Qe, where the constants {k;};cy are such that

/Qai(x)hi(x)dxz k’z/ hi(x)dx,

Q

has a positive eigenvalue «. This contradicts Theorem V.1,
since spec(d ¢ Geks(e)Qe) C Co. O

Proposition V.3. Let G be strongly connected. Let £ € L>°(Q)
be such that £ > c for some positive constant c. Let b €
L (Q) such that b; = D;1 is a positive constant function
for each i € V. Suppose y° € L2(Q) such that y° > 0 and
i fo fix)dx = 3, [y (x)dx = 1. Let a € L>°(2) be
such that a; = 1/ f; for each i € V. Then there exist positive
parameters {qe}ece such that, if (V(t))i>o is the semigroup
generated by the operator —MpBa + ) ¢ Gets(e)Le, then
we have

Vt)y® —fllz < Me™™ (37

for some positive constants M and X\ and all t > 0.

Proof. Since the graph G is assumed to be strongly connected,
from [14][Theorem IV.5] (see [7] for proof) we know that there
exist positive parameters {g. }cce such that, if u.(t) = g. for
all e € £ and all ¢ > 0, then the solution w(t) of the system
(7) satisfies

() — pi)ls < Mye M (38)

for some positive constants M; and A; and all ¢ > 0, where
pel = [ fe(x)dx for each k € V and p° € P(V). In
particular, O is a simple eigenvalue of the irreducible operator
> ece Qe and pc? is the corresponding unique (up to a
scalar multiple) and strictly positive eigenvector. Then 0 is an
eigenvalue for the operator W = —MpBa + ), qes(c) Le

with the corresponding eigenvector f, by construction. We
will show that this eigenvalue is simple and is the dominant
eigenvalue. Let g € L2(Q2) such that g is not the zero element
0 and is non-negative a.e. in QV. Defining h = (A\I- W)~ !g
for some A > 0, we have that

)\/th(x)dx—l—/QDZ»(BaihZ-)(x)dx
N
-2 [ a0t xax = [ axjax

ecf j=1

for each ¢ € V. This implies that

N
)\/th(X)dX — ZZ/QQeaS(e)(X)Q?h]‘(X)dX

ecf j=1

= /Q gi(x)dx

for each 7 € V, which implies that

A/Qhi(X)dx—Zi/gqeks@)Q?hj(X)dx=/Qgi(X)dX

ecf j=1

(39)
for each ¢ € V for some positive constants k; > 0. The
existence of such positive constants is guaranteed, since we
assumed that f is non-negative and hence h is non-negative.
However, > q.ks()Qe generates an irreducible semigroup
on RN whenever ge > 0 implies that k. > 0 for all e € £.
Hence, (Al — >, geks(e)Qe) ' maps non-negative, nonzero
elements of RY to strictly positive elements of R”Y. This
implies that [, h;(x)dx > 0 for each i € V. From this, we
can conclude that h;(x) > 0 for a.e. x € Q for each i € V.
To see this more explicitly, note that h must satisfy

N
Ah; — DiBa,hi — G'ashi = gi+ Y Gajh;
J=1,5#i

for each i € V, where G = - q.Q.. Let M,, be the
multiplication operator, defined on L*(Q) = L2 (), that
is associated with the function a;. Since a; > ¢ for some
¢ > 0, the inverse Ry = (A — D;B,, — G"M,,)™ =
(MMt — DBy, M — GUT)"'M_ ! exists. The operator
Mt — DBy, M ! generates an irreducible semigroup on
L?(Q) [35][Theorem 4.5] (see equation (4.8) in the cited
reference for the class of operators considered); formally,
By, M_! is the operator V - (f;V(-)). Hence, (Ri[g; +
ZJI.V:M# GYa;h;])(x) is strictly positive for a.e. x €  and

(40)

each i € V, since Zjvzl ;2 G and h; are nonzero for each
i € V. Therefore, (Al — W)_1 maps nonzero, non-negative
elements of L2(Q) to strictly positive elements of LZ(€2).
This implies that the semigroup generated by the operator VYW
is irreducible. Now, we can use [2][Corollary C-III.3.17] to
establish that the eigenvalue O is simple and is the dominant
eigenvalue. This follows from the cited corollary because W
has a compact resolvent and generates an analytic semigroup,
due to the fact that it is a bounded perturbation of the operator
—MyB,, which itself has a compact resolvent and generates
an analytic semigroup [17][Proposition III.1.12]. Additionally,



we know from [17][Corollary III.1.19] that since W has a
compact resolvent, its spectrum is discrete. Then the result
follows from [17][Corollary V.3.3]. L]

Irreducibility is not necessary, but only sufficient, for the
simplicity of the dominant eigenvalue of a compact positive
operator. The goal of the following proposition and theorem is
to extend the result in Proposition V.3 to a much larger set of
equilibrium distributions, for which the resulting semigroup is
not necessarily irreducible.

Proposition V.4. Let P € RV*N pe essentially non-negative,
i.e., P >0 for all i # jin V. Let P be the linear bounded
operator on L?(Q), defined pointwise using P as (Ph)(x) =
Ph(x) for a.e. x € Q for all h € L%(Q). Suppose b € L>(Q)
such that b; = D;1 is a positive constant function for each
1 € V. In addition, suppose that spec(P) lies in C_. If a; = 1
for each i € V, then spec(—MpBa + P) lies in C_.

Proof. The proof follows the same line of argument as The-
orem V.2. Note that according to the Lie-Trotter product
formula, W = —MpB, + P generates a positive semi-
group since both —/8, and P generate positivity preserving
semigroups. Hence, if A > 0 is large enough, then Ry =
(A — W)~ is a positive operator. Moreover, R, is a compact
operator and has a nonzero spectral radius r. From the Krein-
Rutman theorem [31][Theorem 4.1.4], it follows that there
exists a positive function h € L2(Q) = LQ(Q) such that
rh — Ryh = 0. This implies that A — = is an eigenvalue
of W. However, this implies that [, — BaLh ) = 0 for each
1 € V, and hence that

(A—) hi( dx—Z/P”h x =0

foreachi € V. If A —% > 0, then we arrive at a contradiction,
since spec(P) lies in C_. Here, we have used the fact that
h is a positive function, and therefore fQ h;(x)dx cannot be
equal to O for each ¢ € V. O

Theorem V.5. Let G = (V, &) be strongly connected, and let
Q be an extension domain. Let b € L>°(Q) such that b; = D;1
is a positive constant function for each i € V. Let f € L ()
be such that f; > c fQ fi(x)dx for some positive constant
¢c>0. Let Vs ={i € V: fQ fi(x)dx > 0}. Additionally,
consider the set & = {e € £ : S(e) T(e) € V1}. Suppose
that the graph Gy = (V1, &1) is strongly connected. Then there
exist a € L>°(Q) and spatially-dependent reaction coefficients
{Ke(X)}ece € L>®(Q) for which —MpBa + 3 cc K. Qe
generates a positive semigroup (S(t))i>o0 on L2(Q) such that
lfy € L2 (Q) is a positive function and Y., [ fi(x)dx =
> icv Jo vi(x)dx, then

ISt)yo — || < Me™™ 41)

for some positive constants M and X\ and all t > 0.

Proof. Without loss of generality, we assume that the set V;
is of the form V; = {1,2,. N} for some integer N < N.
Define p® € RY such that pi? = [ fi(x)dx for each
i € V. Then from [14][Theorem IV.5] (see [7] for proof), it

follows that there exist positive constants {g. }.c¢ such that the
solution w(t) of the ODE system (7) converges exponentially
to %, In particular, the matrix ) .o Q. has 0 as a simple
eigenvalue with p®? as the corresponding eigenvector, which
is unique up to a scalar multiple. Let G = ) __. Q.. Then
G is necessarily of the form

G Gy
G- [0 GJ “2)
where Gy e RN*N G, e RVNxWW-N) G; ¢

RW=N)X(N=N) and 0 is the zero element of RZV—N)xXN
If G does not have the block triangular structure above, then
there exist indices i € V; and j € V\V; such that G7* > 0.
But this implies that if p® = p°?, then £;(0) # 0 for all
j €V, hence contradicting that Gu®? is the zero element of
RYN. Moreover, since lim;_,« p;(t) = 0 for all j € V\V; for
any p° € RY, we must have that spec(Gs) is in C_ and
that 0 is a simple eigenvalue of G;. Now, let a € L>°(Q) be
such that a; = 1/f; if ¢ € V; and a; = k;1 if ¢ € V\V;
for some positive constant k;. Then consider the operator
W = —MpBa + > e qeas(e) Qc. This operator is of the

form W W
B 1 2

W= [ ; W3] (43)

where Wi € L(X1,X1), We € L(X:1,X3), W3 €

L(X3,X3), and 0 is the zero element of L(Xo2, X;), with
X, = L2, .><L2,andX2:L21><...><L2

From Proposulon V.4, it follows that spec(Wg) lies in C_.
Moreover, from Theorem V.1, it follows that O is a simple and
dominant eigenvalue of WW; with the corresponding eigenvec-
tor [f1 ... fy]T. Then the result follows from [17][Corollary
V.3.3]. O

VI. CONCLUSION

In this paper, we have proved controllability properties of
a system of advection-diffusion-reaction (ADR) PDEs with
zero-flux boundary condition that is defined on certain smooth
domains. In contrast to previous work, we established con-
trollability of the PDEs with bounded control inputs. Our
approach to establishing controllability using spectral prop-
erties of the elliptic operators under consideration is also
novel. In addition, we have provided constructive solutions
to the problem of asymptotically stabilizing a class of hybrid-
switching diffusion process (HSDPs) to target non-negative
stationary distributions. Future work will focus on extending
the arguments in this paper to the case where the correspond-
ing HSDP has diffusion and velocity control parameters in
only a small subset of the discrete behavioral states, and the
diffusion coefficients are non-constant.
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